Extracts prepared from floral meristematic tissue of alfalfa (Medicago sativa L.) were investigated for expression of the enzyme transglutaminase in order to identify the major protein substrate for transglutaminase-directed modifications among plant proteins. The large polymorphic subunits of ribulose 1,5-bisphosphate carboxylase/oxygenase in alfalfa, with molecular weights of 52,700 and 57,600, are major substrates for transglutaminase in these extracts. This was established by: (a) covalent conjugation of monodansylcadaverine to the large subunit followed by fluorescent detection in SDS-polyacrylamide gels; (b) covalent conjugation of [14C]putrescine to the large subunit with detection by autoradiography; (c) covalent conjugation of monodansylcadaverine to the large subunit and demonstration of immunocross-reactivity on nitrocellulose transblot of the modified large subunit with antibody prepared in rabbits against dansylated-ovalbumin; (d) demonstration of a direct dependence of the rate of transglutaminase-mediated, [14C]putrescine incorporation upon the concentration of ribulose, 1,5-bisphosphate carboxylase/oxygenase from alfalfa or spinach; and (e) presumptive evidence from size exclusion chromatography that transglutaminase may cofractionate with native molecules of ribulose 1,5-bisphosphate carboxylase/oxygenase in crude extracts. Analysis of the primary structure of plant large subunit has revealed numerous potential glutaminyl and lysyl sites for transglutaminasedirected modifications of ribulose 1,5-bisphosphate carboxylase/ oxygenase.
mercaptoethanol, 0.1 % (v/v) Triton X-100; monodansylcadaverine, N-(5-aminopentyl)-5-dimethylamino-1 -naphthalenesulfonamide; TEMTr, buffer containing same components as TCEMTr except 5 mM CaCl2 was omitted; TBMMTr, buffer containing 20 mM Tris-SO4 (pH 8.1), 100 mm sodium bicarbonate, 10 mM MgCl2, 2 mm 2-mercaptoethanol, 0.1% (v/v) Triton X-100; PBST, buffer containing 10 mm sodium phosphate (pH 7.5), 0.15 M NaCl, 0.05% (v/v) Tween 20. acid side chains in select proteins (5) . This element of specificity provides these enzymes the potential of mediating posttranslational modifications in specific protein molecules. TGases are capable of catalyzing several different types of reactions. First, TGases catalyze cross-linking of select cytosolic and plasma membrane-associated proteins through e-('yglutamyl-lysine) isopeptide bonds. The cross-link is formed through transamidation between a specific peptide-bound endo glutaminyl carboxamide carbonyl and the primary Elysyl amine group of a proximate amino acid side chain. Second, TGases catalyze an amine-exchange reaction between a variety of low mol wt, primary amine donor molecules and peptide-bound endo glutaminyl residues in selected proteins or peptides. Finally, enzymes of this group also catalyze hydrolysis and possibly transesterification reactions at specific endo-y-glutaminyl sites on specific proteins. TGases have been investigated extensively in animals where they are widely distributed in various tissues, organs, and extracellular fluids (5) . A number of biological functions involving protein crosslinking have been proposed for extracellular transglutaminases in animal systems including formation of the fibrin clot as a terminal step in the bloodclotting cascade (16) , coagulation of seminal plasma in rodents (29), ionophore-induced hardening of the erythrocyte membrane (14) , keratinization of the epidermis and hair structures (24) , and participation in receptor-mediated endocytosis (4) . In only a few cases have specific physiological protein substrates for TGases been identified and the function of the intracellular form of TGase is unknown.
Recently, presumptive evidence was reported for the occurrence of intracellular TGase in photosynthetic (19, 20) , emergent sprout (25) , and etiolated plant tissues (7) . Earlier reports of the apparent covalent incorporation of polyamines, such as putrescine (26) and spermidine, into plant protein structures suggested the possible existence of this catalyst in plants (26) . Polyamines can serve as primary amine donors in crosslinking and conjugating reactions catalyzed by TGase (5) . Although the function of this enzyme in plants has not been established, the apparent induction of its enzymatic activity at wounded sites of excised or bruised leaves suggests a potential role in wound repair (19) . Alternatively, the discovery of polyamines linked to cell wall polysaccharides or membranous fractions indicate prospects for a function in formation and anchoring of the plant cell wall polysaccharide net 88 to the plasma membrane, or in coupling membrane proteins to cytoplasmic structural proteins (26) .
As part of an investigation to establish functional roles for TGase in plants, the present paper reports results on identification of a major in vivo substrate protein for TGase in the soluble fraction of alfalfa (Medicago sativa L.) meristematic floral tissue. The substrate protein which has been identified is Rubisco, the catalyst for primary carbon dioxide fixation via the reductive pentose phosphate cycle. Moreover, evidence is presented which shows that only the L, and not the S, serves as a substrate for TGase.
A preliminary report of this work has been presented (19) .
MATERIALS AND METHODS Plant Material
Field-grown alfalfa (Medicago sativa L.) plants, 30 1O /AL of 30% H202 and 12.5 mg of 3,3'-diaminobenzidine (Sigma) in 100 mL of 44 mm Tris-Cl (pH 7.5).
Coelution of TGase and Rubisco during Size Exclusion Chromatography
Alfalfa extracts were prepared as described in an earlier section in TEMTr buffer. To this crude extract was added dropwise with stirring to 10% (w/v) final concentration, PEG, mol wt 8000 (Sigma), from a stock solution at 50% (w/v) concentration. The protein mixture was stirred at room temperature for 30 min, then centrifuged at 27,000g for 10 min and 2O'C. The supernatant fraction was discarded. The protein pellet, henceforth called the PEG precipitate, contained TGase and Rubisco enzymatic activities. PEG precipitates could be stored frozen indefinitely at -80OC with retention of both catalytic activities.
The frozen PEG precipitate was thawed and resolubilized at ice temperature with a minimum volume of the buffer indicated. A small amount of insoluble material was removed by centrifugation at l00,OOOg for 45 min. A 4-mL sample of the supernatant solution containing about 100 mg of protein was applied to a 2.5 x 98 cm column of Sepharose CL-6B (Pharmacia, Piscataway, NJ). The column was equilibrated in the same buffer as was used to resolubilize the respective PEG pellet. The column effluent was collected in a graduated cylinder until the void volume of the column, 169 mL, had eluted. Then, fractions of designated volume were collected. The absorbancies of fractions were measured at 290 rather than 280 nm in order to minimize interference by Triton X-100 absorption. Enzyme assays for TGase and Rubisco were conducted on eluted fractions.
Rubisco Assays
The procedure of Kuehn and McFadden (9) 
Immunodetection of Dansylated Endogenous Protein Substrates
In an experiment similar to that described in the previous section, crude extract Crude extract proteinase were incubated in a TGase enzyme assay mixture containing [14C]putrescine as detailed in an earlier section. After reaction, the mixture was dialyzed, subjected to electrophoresis in an SDS-polyacrylamide gel, the protein bands were fixed by silver staining, then the gel was dried and autoradiographed on film. The resulting fluorogram pattern exhibited four radiolabeled bands (Fig. 2B) . The uppermost band was located at the origin of the polyacrylamide gel. This fraction was apparently of such high Mr that it failed to enter the electrophoretic gel. This is a common observation in TGase reaction mixtures. The high Mr material probably represents a protein(s) that was cross-linked intermolecularly, thus forming a large covalently linked macromolecular complex. The two lower bands on the fluorogram, in the region of 52,700-Mr and 57,600-Mr, were indicative of the polymorphic doublet characteristic of the L subunit of Rubisco in alfalfa. Alternatively, partial proteolysis of the larger 57,600-Mr subunit might also explain the occurrence of the 52,700-Mr peptide. A small amount of radioactivity was also evident at the ionic front near the bottom of the gel. From a second parallel gel which was not fixed or dried, the two regions of the electrophoretic gel corresponding to the 52,700-Mr and 57,600-Mr doublet and 14,600-M, band, representing the L and S subunits of alfalfa Rubisco (Fig. 2B) , respectively, were excised, digested individually in 30% H202, and counted for '4C content. Figure 2B shows that the gel fraction corresponding to the L subunits of alfalfa Rubisco contained 120 pmol (18,048 dpm) of ['4C]putrescine. No detectable radiolabel was found in the gel fraction corresponding to the M, of the S subunit of Rubisco (Fig. 2B, S arrow) .
Cofractionation of TGase and Rubisco
An evaluation of potential methods for purification of TGase from alfalfa meristem tissues indicated that the plant TGase cofractionated with a spectrum of other cellular macromolecular structures. When the proteins that had been precipitated from crude extracts with 10% PEG were resolubilized with TEMTr buffer and fractionated by size-exclusion chromatography in the same buffer, TGase enzymatic activity was distributed over a broad mol wt range (Fig. 3, closed  circles) . TGase activity was detected in all fractions ranging from the first 290 nm-absorbing material to elute from the column, down to a size of about 60,000 Mr as indicated by a marker protein, bovine serum albumin. The major portion of the enzymatic activity was distributed in the Me-range of about 700,000 to 60,000 (Fig. 3, fractions 42- (Fig. 3, squares) and the peak fraction 56 (squares). This profile was observed in low ionic strength TEMTr buffer. Similar overlapping enzymatic activities for TGase and Rubisco were observed when PEG precipitates were resolubilized and fractionated on the same Sepharose CL-6B column in higher ionic strength TEMTr buffer containing 0.2 M NaCl (data not shown).
In contrast, chromatographic separations conducted in a buffer containing magnesium ion and bicarbonate, which optimally stabilized Rubisco enzymatic activity during chromatography, fractionated the TGase activity from the high Mr components (Fig. 4) . Resolubilization of 10% PEG precipitates and chromatographic separation on Sepharose CL-6B with TBMMTr (Fig. 4) Using optimal components for the TGase reaction as determined from Table I , the dependency of TGase on partially purified alfalfa and spinach Rubisco was examined (Fig. 5) . Neither the alfalfa nor spinach Rubisco preparations that were used as substrates contained TGase activity. Interestingly, the TGase activity from alfalfa recognized and utilized a spinach Rubisco preparation as a substrate. Clearly, TGase enzymatic activity was dependent on the concentration of the Rubisco preparation used. Using a conservative estimate of 85% purity of the Rubisco preparations used as substrates, as judged from staining intensities of polyacrylamide gels containing samples of these preparations, maximum estimates of Km values for alfalfa and spinach Rubisco were about 1.13 92 MARGOSIAK ET AL. 
RUBISCO IS A SUBSTRATE FOR TRANSGLUTAMINASE

TGase Activity in Isolated Chloroplast Preparations
Intact, isolated chloroplasts from meristem tissue exhibited TGase enzymatic activity. As much as 30% ofthe total TGase activity in meristem tissue was associated with the chloroplasts. Data in Table II show that ['4C]putrescine was conjugated by chloroplasts into acid-insoluble components in a reaction that was stimulated by light. Analysis of the reaction product(s) by SDS-PAGE, followed by autoradiography, showed that Rubisco L subunit was the only detectable substrate in chloroplasts that conjugated to ['4C]putrescine (not shown).
DISCUSSION
The existence of a TGase catalyst in plants, which may be similar to TGases found in animals, has only recently received scrutiny (7, 19, 20, 25) . Definitive confirmation ofthe identity of the plant catalytic activity requires purification of the The reaction requirements observed in this report for the putrescine-conjugating activity in alfalfa, using Rubisco as substrate, are in agreement with those reported previously in other plants (7, 25) . Notably, exogenously supplemented calcium ion was seemingly not essential for catalytic activity and was actually inhibitory at millimolar levels. TGases from animal sources have been variously reported to be calcium ion-dependent (5) , calcium ion-independent (23) , or inhibited by high calcium ion concentrations (8) . N,N'-Dimethylcasein is a model protein substrate used widely to assay animal TGases where it serves as an exogenous acyl donor. In this study, ['4C]putrescine incorporation was N,N'-dimethylcasein-dependent in plant protein preparation from which Rubisco had been removed by membrane filtration. No dependence of amine conjugation on N,N'-dimethylcasein was observed in plant extracts which simultaneously contained Rubisco and TGase activity. This observation probably explains the failure of Serafini-Fracassini et al. (25) Dansylcadaverine has been used successfully as a convenient fluorescent tracer of TGase-directed, amine conjugation to substrate proteins in many types ofbiological systems (13) . The reagent has proved to be an efficient substrate for all known TGases by virtue of its capacity to function as a lysinesubstrate analog. The universal efficacy of dansylcadaverine to serve as a substrate for virtually all TGases investigated to date has led to its acceptance as an identification probe for the occurrence of TGase activity. The fact that plant extracts efficiently incorporated dansylcadaverine into Rubisco L subunit is further indirect evidence that this catalytic activity is attributable to a plant TGase. Detection of protein-bound dansylcadaverine in SDS-polyacrylamide gels by fluorescence of the dansyl moiety suggested dominant conjugation to Rubisco L subunit and lesser incorporations into a spectrum of other proteins. However, immunoblot detection of dansylated proteins on nitrocellulose transfers from SDS gels using a highly sensitive and specific antibody for the dansyl moiety, indicated selective dansylation of Rubisco L subunit. Presumably, many of the putative fluorescent bands observed in the SDS gel of Figure IA was due to intrinsic fluorescence of the aromatic amino acids in the proteins and did not reflect conjugation with dansylcadaverine. These conclusions were corroborated by the incorporation of ['4C]putrescine into protein in extracts from alfalfa buds and fractionation of the extract proteins on SDS-polyacrylamide gels, followed by autoradiography (Fig. 2B) . These experiments similarly showed that Rubisco L subunit was the preferred protein conjugated to ['4C]putrescine.
Results reported in this communication support the notion that TGase and Rubisco cofractionate in crude extracts and can interact with one another in intact, isolated chloroplasts. The gel filtration experiments on Sepharose CL-6B revealed macromolecular complexes in the range of 700,000-Mr, which simultaneously contained TGase enzymatic activity capable of modifying Rubisco L subunit. The minimum Mr species derived from gel filtration containing TGase enzymatic activity fractionated with a Mr approximating 60,000. TGase and Rubisco enzymatic activity profiles overlapped in separation trials which lacked bicarbonate and magnesium ion in the elution buffers (Fig. 3) . In contrast, column fractionations conducted under conditions known to convert Rubisco into an enzymatically active form by carbamylation of a reactive lysine residue at its catalytic center, abolished the higher Mr fractions, which contained both Rubisco and TGase (Fig. 4) .
The demonstration of a light-stimulated TGase enzymatic activity in isolated intact chloroplasts that conjugated [14C] putrescine to Rubisco indicated a capacity for these two proteins to interact in situ in the organelle where Rubisco is located. Light-stimulation of [14C]putrescine fixation by isolated chloroplasts has previously been observed (3) . This enhancement could be due to stimulation of putrescine transport into chloroplasts, enhanced accessibility of Rubisco L subunit to TGase catalytic action, or direct stimulation of the TGase-catalyzed reaction. The data in this report do not allow identification of a mechanism for this effect. Regardless of which mechanism may be operative, the end result is increased conjugation of ['4C]putrescine to Rubisco L subunits. Plant chloroplasts presumably contain putrescine since the organelle can synthesize spermidine with methionine as an aminopropyl group donor (3) . Chloroplasts also contain spermidine synthase (3), which required putrescine as an aminopropyl group acceptor.
There are currently limited data available on the primary protein sequences surrounding lysine and glutamine residues which govern the specificity of TGases. However, from that information which is available, a hypothesis can be deduced which may explain why Rubisco L subunit serves as an efflcient substrate for TGase.
Regarding potentially reactive glutamine sites, Yan 
